Objective: To retrospectively investigate whether disease-modifying therapies (DMTs) exert differential effects on rates of retinal atrophy in relapsing-remitting multiple sclerosis (RRMS), as assessed using optical coherence tomography (OCT).
Although multiple sclerosis (MS) is conventionally regarded as an autoimmune, inflammatory, demyelinating disorder of the CNS, neurodegeneration resulting from these processes is recognized as the principal substrate of long-term disability. 1, 2 Currently available disease-modifying therapies (DMTs) for relapsing-remitting MS (RRMS) modulate or suppress the immune system, reducing the risk for future inflammation and associated neurodegeneration. 3 Accordingly, the effect of DMTs on MRI-derived estimates of brain atrophy is a common outcome in MS trials. [4] [5] [6] [7] Recent studies reveal that retinal atrophy mirrors brain atrophy over time in MS. 8 However, it remains unclear whether various DMTs differentially affect retinal atrophy, similar to their varying effects upon brain atrophy. Optical coherence tomography (OCT) is a noninvasive, inexpensive, reliable, and reproducible imaging technique that generates high-resolution images of the retina, allowing most individual retinal layers to be discerned and quantified. Prior studies demonstrate that OCT-derived ganglion cell 1 inner plexiform layer (GCIP) thickness has superior reliability and reproducibility and correlates better with visual function and disability in MS than peripapillary retinal nerve fiber layer thickness (pRNFL). [8] [9] [10] Rates of GCIP thinning are accelerated in patients with MS exhibiting inflammatory activity, 11 and correlate strongly with rates of brain, particularly gray matter, atrophy over time. 8 Despite the increasing support for OCT as an outcome for assessing neurodegeneration in MS trials, whether different DMTs differentially affect retinal atrophy in MS remains to be assessed.
The goal of this retrospective and preliminary study was to determine whether commonly utilized DMTs (for which sufficient data were available) exert differential effects on rates of retinal atrophy in RRMS, as assessed using OCT.
METHODS Standard protocol approvals, registrations, and patient consents. The study was approved by the Johns Hopkins institutional review board and written informed consent was obtained from all study participants.
Participants. A cohort of 402 patients with RRMS followed at the Johns Hopkins MS Center who underwent Cirrus HD-OCT (Carl Zeiss Meditec, Dublin, CA) between September 2008 and December 2015 were assessed for eligibility. Eligibility criteria included at least 1 year of OCT follow-up, with adherence to a single DMT during this period. In order to have sufficient sample sizes, only DMTs with which at least 20 patients were receiving treatment were included in the final analyses. Medical records were screened to determine the following clinical characteristics: DMT use (including date of initiation), disease duration, history and date of optic neuritis (ON) including the side affected, and clinical relapses. Patients were excluded if they had other known neurologic conditions, ocular pathology, diabetes, glaucoma, or refractive errors of 66 D, or were receiving combinations of DMTs. Patients within 6 months of ON or who developed ON during the observational followup period were excluded. The final analysis included 157 patients (mean follow-up 3.0 years, SD 1.4, range 1-6) (figure).
Patients with RRMS on the following DMTs were included in this study: glatiramer acetate (GA) (Copaxone; Teva Pharmaceutical Industries, Petah Tikva, Israel), subcutaneous interferon (IFN)-b-1a (IFN SC ) (Rebif; Merck Serono, Merck Serono, Darmstadt, Germany), intramuscular IFN-b-1a (IFN IM ) (Avonex; Biogen Idec, Cambridge, MA), and natalizumab (NAT) (Tysabri; Biogen Idec).
A healthy control (HC) cohort (n 5 47) undergoing annual OCT scans as part of a prospective OCT study at the Johns Hopkins MS center was utilized for comparison purposes. Inclusion criteria for HCs similarly included having at least 1 year of OCT follow-up, in the absence of any known neurologic or ophthalmologic conditions, ocular pathology, or diabetes.
OCT scanning. Retinal imaging was performed with spectraldomain Cirrus HD-OCT (model 4000, software version 6; Carl Zeiss Meditec), as described elsewhere. 11 Briefly, peripapillary and macular data were obtained with the Optic Disc Cube 2003200 protocol and Macular Cube 5123128 protocol, respectively. Scans with signal strength less than 7/10 or with motion artifact were excluded. All scans were reviewed to ensure adequate quality in accordance with the OSCAR-1B quality control criteria. 12 pRNFL thickness values were generated by conventional Cirrus HD-OCT software, as described elsewhere. 8 An automated macular segmentation method described in detail elsewhere, 13 with slight modifications of the size of regions from which measurements were derived, was used to compute thicknesses of the GCIP, inner nuclear layer (INL), outer nuclear layer (ONL), and average macular thickness (AMT). The segmentation method uses a validated algorithm 14 that generates thickness measurements by averaging the thickness values within a 535 mm circle centered at the fovea. The foveal region consisting of a 131 mm circle is excluded from analysis. This reproducible segmentation method has proven capability for detecting differences between MS and HC eyes. 13 We have previously shown that OCT segmentation has intervisit intraclass correlation coefficients ranging from 0.91 to 0.99 for all thickness measurements, highlighting its reproducibility. 10 All macular cube scans were assessed for macular microcystoid changes (referred to by some as microcystic macular edema [MME]), as well as other retinal pathologies that could adversely affect macular segmentation, as described elsewhere. 15 Statistical analyses. Statistical analyses were performed using STATA version 13 (StataCorp, College Station, TX). Comparisons between DMT cohorts were performed using the KruskalWallis test for age, disease duration, follow-up duration, and gap time. The x 2 test was used to determine differences between the groups for ON history and sex. Fisher exact test was used to assess the effect of clinical relapses, race, first treatment, and MME.
In order to analyze the course of retinal layer thickness changes over the period of follow-up, time was taken as a continuous covariate (starting at the date of the first OCT observation). Retinal layer thickness changes were analyzed using mixed-effects linear regression with random intercepts. Models accounted for within-subject intereye correlations and adjusted for age, sex, the interval between initiation of DMT and OCT monitoring (gap time), baseline retinal layer thickness (implicitly accounted for in the mixed effects regression models utilized due to the longitudinal retinal thickness measures of interest representing the dependent variable in the context of models using random intercepts), disease duration, and relapses during follow-up. Although both ON history and baseline GCIP thickness influence overall rates of GCIP atrophy, baseline GCIP thickness explains a greater proportion of slope variance in this regard. 8 Therefore, accounting for the baseline retinal layer thickness of interest in regression models may be superior to simply adjusting for ON history.
Based on visual inspection of the raw data, a linear spline (allowing for a change in slope to occur) was inserted at year 1 to study differences in rates of retinal layer thinning during and after the first year of treatment. p Values ,0.05 were considered statistically significant. Since this was an exploratory study, 16 correction for multiple comparisons was not performed, and therefore reported p values should be read as descriptive and interpreted with caution.
RESULTS

Patients.
Final analyses included 157 patients with RRMS (308 eyes). Six eyes were excluded due to ocular pathology or motion artifacts. OCT data from sufficient numbers of patients was available to assess the effects of 4 different DMT classes: GA (n 5 48), IFN SC (n 5 35), IFN IM (n 5 28), and NAT (n 5 46). Age, sex, history of ON, disease duration, or observational follow-up duration did not differ between the groups. Clinical relapse activity during the observation period was significantly different only between the IFN SC and NAT-treated groups (p 5 0.024; table 1).
The interval between DMT initiation and commencement of OCT monitoring (gap time) was longer for the IFN IM group as compared to the IFN SC , NAT, and GA groups (mean differences: 2.9, 3.8, and 2.1 years, respectively, p , 0.001) as well as for the GA group compared to the NAT group (mean difference: 1.7 years, p , 0.001).
The HC cohort consisted of 47 individuals (92 eyes). Two eyes were excluded due to missing follow-up scans. There were no differences in age (p 5 0.101), sex (p 5 0.174), or follow-up duration (p 5 0.141) between the HC and RRMS cohorts.
Comparisons in baseline OCT measures. At baseline, analyses revealed significant differences between the IFN SC -and NAT-treated groups for GCIP thickness (72.7 and 67.5 mm, respectively; p 5 0.003), pRNFL thickness (87.8 and 81.5 mm, respectively; p 5 0.015), and AMT (306.6 and 298.4 mm, respectively; p 5 0.030). INL thickness differed between the IFN IM -and GA-treated groups at baseline (43.3 and 44.6 mm, respectively; p 5 0.036). Baseline analyses comparing ONL thicknesses between groups revealed increased ONL thickness in the IFN IM group (70.3 mm) compared to the GA (67.5 mm; p 5 0.048) and NAT (67.2 mm; p 5 0.034) groups. There were no other differences in baseline OCT measures between treatment groups.
Comparison of rates of GCIP thinning by DMTs. During follow-up, relative to NAT-treated patients, IFN SC -and GA-treated patients exhibited 0.37 mm/y (p , 0.001) and 0.14 mm/y (p 5 0.035) faster rates of GCIP thinning, respectively. Rates of GCIP thinning in IFN IM -treated patients were not significantly different from rates of GCIP thinning in NAT-treated patients (0.11 mm/y; p 5 0.157). Patients treated with IFN SC had rates of GCIP thinning 0.23 mm/y (p 5 0.001) and 0.26 mm/y (p 5 0.002) faster compared to patients treated with GA and IFN IM , respectively (table 2) . No difference in rates of GCIP thinning between GA-and IFN IMtreated patients were observed (p 5 0.750).
In the IFN SC group, GCIP thinning was 1.53 mm/y faster during the first year of therapy vs afterwards (p , 0.001), possibly related to retinal toxicity or less likely pseudoatrophy since the GCIP is relatively unsusceptible to edema. A significant difference between the rates of GCIP thinning during the first year of therapy vs the time interval afterwards was not observed in the GA (p 5 0.478), IFN IM (p 5 0.230), or NAT (p 5 0.864) groups.
Comparison of GCIP thinning by DMTs excluding the first year of treatment. Analyses excluding patients with a gap time lower than 1 year to assess for more consistent and longer-term treatment effects revealed that NAT-treated patients had slower rates of GCIP atrophy compared to all other DMTs; 0.24 mm/y (p 5 0.002), 0.40 mm/y (p , 0.001), and 0.20 mm/y (p 5 0.028) slower compared to the GA, IFN SC , and IFN IM cohorts, respectively (table 3) . Excluding patients with a gap time less than 1 year, IFN SC -treated patients exhibited borderline (approaching but not reaching statistical significance) faster GCIP atrophy as compared to GA (difference 5 0.16 mm/y, p 5 0.061). However, IFN SC -treated patients still exhibited faster rates of GCIP atrophy as compared to IFN IM -treated patients (difference 5 0.20 mm/y, p 5 0.028). Again, there was no difference in the rate of GCIP thinning between the GA and IFN IM cohorts (p 5 0.567). Retinal layer thickness changes were analyzed using mixed-effects linear regression adjusting for age at baseline, disease duration at baseline, sex, gap time, and relapse during follow-up, accounting for within-subject intereye correlations and the baseline thickness of the retinal layer of interest. a Significant. 
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Comparison of rates of GCIP thinning between RRMS
and HCs. The rate of GCIP thinning in the HC cohort was 0.14 mm/y adjusting for baseline GCIP thickness, age, and sex. The GA, IFN SC , and IFN IM -treated patients exhibited 0.16 mm/y (p 5 0.010), 0.40 mm/y (p , 0.001), and 0.14 mm/y (p 5 0.080) greater rates of GCIP thinning compared to HCs, respectively. NAT-treated patients and HCs did not differ in their rates of GCIP loss (p 5 0.720) (table 4). (table 2) . DISCUSSION The results of this study suggest that rates of retinal layer thinning, as assessed by OCT, are differentially modulated by different DMTs in RRMS. The reported findings provide objective support that more aggressive therapy with NAT slows the rate of GCIP, ONL, INL, and AMT thinning relative to more conventional MS treatments such as GA and the IFNs (particularly IFN SC ). Our study findings support the potential utility of applying validated OCT measures for monitoring neurodegenerative treatment effects in the retina as a practical outcome measure in RRMS clinical trials.
NAT has been shown to strongly and effectively reduce relapse rate, new lesion formation, brain atrophy, and disease progression in patients with RRMS. 6, 17, 18 Despite the lack of head-to-head studies directly comparing the efficacy of NAT to other DMTs in RRMS, the overall consensus based on available data and clinical experience is that NAT is one of the most effective RRMS therapies currently available. Considering the potent effects of NAT in reducing CNS inflammation, with the consequential effect of reducing brain atrophy, it is not surprising that NAT could play a similar role in reducing retinal thinning, and in particular GCIP atrophy, which has been shown to mirror global atrophy over time in MS. 8 Indeed, our findings suggest that NAT has Retinal layer thickness changes were analyzed using mixed-effects linear regression adjusting for age at baseline, disease duration at baseline, sex, gap time, and relapse during follow-up, accounting for within-subject intereye correlations and the baseline thickness of the retinal layer of interest, for patients whose gap time was greater than 1 year. a Significant. Table 4 Rates of ganglion cell 1 inner plexiform layer (GCIP) loss over time (mm/y) in treated patients with relapsing-remitting multiple sclerosis compared to the healthy control (HC) cohort GCIP thickness changes were analyzed using mixed-effects linear regression adjusting for age at baseline and sex accounting for within-subject intereye correlations and the baseline thickness of the retinal layer of interest. a Significant.
a greater effect in reducing rates of GCIP, INL, ONL, and AMT neurodegeneration, as compared to GA and the IFNs. NAT-treated patients did not differ in rates of GCIP thinning as compared to HCs, highlighting its potent effect in reducing retinal neurodegeneration in RRMS. An important analysis factor in the current study is gap time (interval between DMT initiation and commencement of OCT monitoring). The reason for adjusting for gap time in our regression models was to account for OCT changes that were not accounted for between the initiation of therapy and the first OCT observation. The effect a DMT has on MRIderived brain volume loss is often focused on the period following the initial year of treatment in order to allow DMTs to become optimized and for pseudoatrophy to resolve. 7, 19, 20 While the patient sampling in the current retrospective study may be representative of an RRMS population typically observed in clinical practice, sampling bias may still be an important factor. For instance, there is suggestion in the literature that low-dose, low-frequency IFN IM may have a tendency to be less effective than high-dose, high-frequency IFN SC . 21 However, such a difference was not observed between these 2 treatment groups during follow-up in this study. It is conceivable that the IFN IM -treated group in this study may either be largely composed of patients with RRMS with a more benign disease phenotype, or alternatively IFN super-responders, as this treatment group had a longer gap time, with the vast majority being DMT-naive prior to commencing this particular treatment (76%). Collectively, these factors may contribute to why the differences in rates of GCIP atrophy did not reach significance for the IFN IM and NAT groups (although this was significant after excluding patients with a gap time less than 1 year, and differences in rates of ONL and AMT thinning were also significantly different). Similarly, this could also explain why rates of GCIP atrophy appeared to be slower in the IFN IM group as compared to the IFN SC group, and why rates of GCIP atrophy were not significantly different between the IFN IM group and HCs. Alternatively, it has been suggested that dosing IFN less frequently, even if less antiinflammatory, may be more neuroprotective. [22] [23] [24] Interestingly, the IFN SC cohort exhibited a faster rate of GCIP atrophy during the first year of treatment, as compared to afterwards. A number of possibilities may explain this finding. It is recognized that IFNs can take up to 6 months or longer before being optimized. Accordingly, rates of retinal atrophy may be higher during the first year of follow-up. However, IFN SC may optimize more rapidly than IFN IM and therefore on this basis the proposed possibility does not explain our findings well. Alternatively, reduction in volume due to suppression of inflammation (pseudoatrophy) could be a factor, although this also seems unlikely since GCIP thickness is not thought to increase due to inflammation in the optic nerves. 10, 25, 26 Finally, high-dose, high-frequency IFN SC might exert toxic retinal effects, although this has been rarely reported and remains to be elucidated. 27 This possibility could be further supported by the largely faster rates of INL and AMT thinning observed in the IFN SC group as compared to the other treatment cohorts. No difference in rates of GCIP thinning was observed before and after the first year of treatment in the NAT-treated cohort. We would expect there to be a difference between these rates if pseudoatrophy indeed affected the GCIP since pseudoatrophy in the brain of NAT-treated patients has been highly postulated. [28] [29] [30] When patients with a gap time of less than 1 year were excluded from analyses, the difference in GCIP atrophy rates between IFN SC and GA diminished somewhat, becoming only borderline significant, while IFN SC -treated patients still exhibited faster rates of GCIP atrophy as compared to IFN IM -treated patients, potentially reflecting an ongoing retinotoxic effect. At the same time, differences in GCIP atrophy rates between NAT with GA and IFNs became more pronounced, indicating sustained long-term treatment effects with NAT independent of effects during the first year of treatment only. Collectively, our findings suggest that in some instances it may be most suitable to determine the effects and differences of different DMTs on retinal measures (similar to brain atrophy data) following 1 year of treatment.
With increasing evidence that GCIP thickness is superior and more reliable for tracking change over time in MS, as compared to pRNFL thickness, [8] [9] [10] it is unsurprising that we did not detect significant differences between treatments when assessing pRNFL thicknesses over time. However, significant differences in INL, ONL, and AMT rates of change were observed when stratifying by DMTs. It is suggested that INL and ONL thinning in MS may also reflect global CNS processes. 31 Given that retinal layer thinning reflects brain atrophy and that neurodegeneration is considered the primary basis for disability in MS, our study findings provide further support that NAT may be a highly effective therapy in RRMS.
This study has several limitations, in part related to its retrospective design. First, due to limited patients with RRMS and follow-up OCT data, only 4 DMT classes were included in the final analyses. Future studies should investigate if oral therapies and other monoclonal antibody treatments have different effects on rates of retinal atrophy. Furthermore, due to patient sampling within our RRMS cohort, we were unable to clarify if race or ethnicity alter treatment effects on rates of retinal atrophy over time. Larger, longitudinal studies in the future should address this since it has been proposed that African American patients with MS may have faster rates of retinal atrophy as compared to Caucasian American patients with MS. 32 Future studies should also aim to determine whether rates of retinal atrophy vary according to therapeutics in patients with progressive MS. Finally, this study did not include MRI-derived brain atrophy data, which would help to further corroborate our findings and to confirm that the effects of DMT classes on retinal atrophy similarly reflect their effects on brain atrophy. In future prospective studies, it would be beneficial to additionally account for further baseline patient characteristics such as those derived from MRI. While OCT is emerging as an additional and complementary tool to guide clinical management in MS, the current limitation of OCT in terms of individual patient level assessment remains unclear.
The collective findings of our study suggest that thinning in OCT-derived retinal layer measures over time in RRMS vary according to DMT utilization. Specifically, more aggressive therapy, such as with NAT, appears to have a greater effect on slowing retinal atrophy, and in particular GCIP atrophy, as compared to more conventional DMTs such as GA and IFNs. While further, larger, and in particular longitudinal studies are needed to confirm our findings, this does not mitigate the current preliminary findings, which provide strong support for the potential utility of OCT-derived measures to be utilized as outcome measures for assessing effects on neurodegeneration in MS.
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